INTRODUCTION
============

Site-specific recombination constitutes an important part of the functional genomics toolbox allowing for highly specific and efficient targeted genomics studies ([@B1]). The instruments of this engineering technology are site-specific recombinases (SSRs) that bind to particular DNA target sequences consisting of two inverted repeats flanking a spacer of variable length ([@B2]). The best-known SSR is the Cre/lox system from bacteriophage P1, where the Cre recombinase catalyzes the exchange of DNA fragments that are flanked by so-called loxP sites ([@B3]). SSRs of the Cre/lox type have meanwhile become a part of the standard repertoire for genome engineering in knock-out and knock-in studies in both, plant and animal systems.

One limitation of the SSR systems is that the recognition sequence has to be introduced into the genome of the organism before the recombinase can be usefully employed. To overcome this limitation considerable efforts have focused on adapting recombinases to recognize pre-defined sequences ([@B4]). One successful application of this kind has been the development of the Tre recombinase ([@B5]). To derive Tre, Cre-recombinase was evolved *in vitro* using a technique called substrate-linked protein evolution \[SLiPE, ([@B4])\] to recognize the lox-like long terminal repeat (LTR) sequences of a specific HIV-1 subtype. In this proof-of-principle study, the LTR regions with closest similarity to a loxP site of an HIV-1 subtype were used to select for enzymes that were mutated using several cycles of directed evolution. The resulting enzyme, Tre, was able to excise the HI provirus from the host genome by recognizing an asymmetric sequence present in the 3′ and 5′LTRs. The work of Sarkar *et al.* ([@B5]) demonstrates that it is feasible to engineer SSRs that have altered binding specificities and can tolerate mismatches within, as well as between lox-like flanking regions.

In order to identify a suitable HIV strain for directed evolution of Cre, manual comparisons of HIV LTR sequences to the Cre loxP site were carried out. Alignments of LTR sequences with the lox site were manually constructed and compared to each other, which turned out to be a time-consuming and also error-prone procedure. In order to find the most suitable lox-like site, one would ideally use a mixture of lox-like sites such as loxP, loxH or rox to search degenerate motifs, which are recognized by highly similar, yet not identical recombination systems. Given the high similarity of these recombinases ([@B6]), it is likely that hybrid recombination systems could be generated by family shuffling ([@B7]), resulting in enzymes with altered target specificity. A second argument towards a completely automated search strategy is that a manual approach will not provide any information of achievable integration specificity, as it precludes searches against entire genomes for endogenous lox-like sites that could be unintentionally targeted. Likewise, no efforts have so far been made to computationally assess the presence of lox-like target sites of existing, non-standard recombination systems in entire genomes, which could be adapted for genome engineering in model organisms.

In all cases, what is needed is an automated way to identify degenerate lox-like sites in genomic sequences that are not well characterized. Known recognition sites of recombinases, which have been described in literature, can be used as a query for such a search against a genomic stretch. Given the nature of such regions, the use of standard sequence similarity search tools is precluded. Using a manual approach, one recombination site was singled out in the study of Sarkar *et al.* ([@B5]), yielding a recombinase Tre with high-strain specificity. If recombinases, however, are to be used as therapeutic agents against retroviral genomes, it is critical to engineer recombinases to target recognition sites present across as many strains of the retrovirus as possible. As BLAST does not perform well with such short redundant sequences, we considered using HMMER ([@B8]), RepeatMasker ([@B9]) or the palindrome program from the Emboss suite of packages ([@B10]). HMMER was developed to find remote homologs based on a probabilistic model of a sequence pattern being looked for, which is not the nature of the search we intended to perform. HMMER could be forced to address our search question, but the amount of pre- and post-processing of data and parameters would make it highly error-prone and inefficient. RepeatMasker only looks for repeats and low-complexity regions that are already well characterized, which is again not the nature of our search. The Emboss palindrome program comes closest to addressing our search question, but does not allow for a search to be defined, but rather results in a list of possibilities of lox-like sites. These we would then have to match to the lox-site signature we are interested in. This would make the search convoluted and cumbersome. Finally, another possibility would have been to work with Stochastic Context-Free Grammars (SCFGs), which have been used extensively for detecting RNA molecules in genomes and which have become especially popular in the field of RNA secondary structure prediction ([@B11],[@B12]). In order to apply SCFGs to our problem, we would, however, have to know the nature, as well as the frequency of individual mutations of different LTRs, both of which are currently not well defined. In the case of the Cre SSR, we can, for instance, only use the loxP, loxH and with restraints the rox sites for constructing an evolutionary model. The lack of available sequences would lead to a poorly described probability model for subsequent identification of more distantly related lox-like sites in genomic sequences.

To address the lack of a program and a method to find degenerate lox-like sites, we have developed the web server SeLOX, which provides an easy to use interface for searching degenerate lox-like sites in genomic sequences. To make the search computationally efficient, we decided to use binary operations on the sequences after they are transformed into bit strings.

WEB SERVER WORKFLOW
===================

The workflow ([Figure 1](#F1){ref-type="fig"}) can be divided in three steps and is described below. First, a position weight matrix for the flanking regions is constructed based on known recognition sites of a recombinase. The first page of the web server asks for the user to upload a text file containing the left-flanking regions of lox-like sites that the recombinase under study recognizes. The file should contain sequence regions of identical length, which is used to initialize the horizontal dimension of the position weight matrix for both, the left- and right-flanking regions. The content of an example file of lox-like flanking region is shown below:ATAACTTCGTATAATATATACGTATATAACTTTAAATAAThe web server calculates and displays a position weight matrix corresponding to the flanking region sequences that were submitted ([Figure 2](#F2){ref-type="fig"}A). In brief, based on the frequency of each of the 4 nt being present at a particular position in the lox-like flanking regions submitted, the weight matrix captures the probability of a certain base being present at that position ('Methods' section).Next, a file containing the FASTA-formatted genomic sequences that is to be searched for the specified lox-like sites has to be provided. In this step, the user also sets the various parameters for the search: the length of the spacer and the tolerance thereof, the number of acceptable mismatches to the position weight matrix and the asymmetry that can be tolerated between the left- and right-flanking regions.Finally, the web server performs a binary search for lox-like sites in the user-provided sequences and scores the resulting hits based on the initial weight matrix ('Methods' section). The web server displays the position weight matrix that was used for the search as a sequence logo implemented using HTML and in-line CSS. For each lox-like site found, the web server shows its sequence, the number of sequences containing this particular lox-like site and the score computed for the lox-like site ([Figure 2](#F2){ref-type="fig"}B). The output is grouped and sorted according to the number of sequences containing a particular lox-like site, and the score. For convenience, the web server also marks those nucleotides in the lox-like site which are mismatches relative to the queried position weight matrix ([Figure 2](#F2){ref-type="fig"}B, red dots) and those nucleotides in the right-flanking region, which are asymmetric i.e. not reverse-complementary to the corresponding nucleotides in the left flanking region ([Figure 2](#F2){ref-type="fig"}B, orange dots). Figure 1.Workflow of the SeLOX web server. The user-provided lox-like sites and genomic sequences are transformed into the binary space and compared using the binary AND operation. The resulting lox-like hits are scored and displayed to the user. Figure 2.(**A**) First result page of the SeLOX web server showing the position weight matrix of the submitted lox-like sites. The user next needs to upload the genomic sequence stretches to be searched. (**B**) Results of the SeLOX server using the sample data files. The position weight matrix for the submitted lox-like sites is shown on top of the window, followed by the number and detailed display of lox-like sites found. Mismatches within a flanking regions are marked by red dots above the sequence, those that break symmetry by orange dots below.

METHODS
=======

The web server is implemented entirely in Python v2.4, and uses the cgi standard python library module for interaction between the web pages and the analysis.

Bit-representation of nucleotides
---------------------------------

While the rationale of most sequence similarity analysis tools like BLAST and other motif recognitions tools is the homology between sequences, the search for lox-like sites does not have this basis, and is a pure string search question. To allow for the repetitive nature of the lox-like sites, and to make the search as efficient as possible, we decided to exploit bit-wise operations after transforming the sequences into integers.

The principal idea underlying SeLOX is the transformation of nucleotides into binary space, which are then stored as integers corresponding to the binary transformations. A 4-bit string is needed to represent all possible combinations of nucleotides at a given position of a sequence region. We follow the scheme A=1000, T=0100, G=0010, C=0001 to represent each of the nucleotides. For instance, to account for nucleotides A, G and C at a particular position, the corresponding transformation in binary space would be 1011, which would be stored as the integer 13.

Transformation of the input sites into a query bit string vector
----------------------------------------------------------------

SeLOX takes as input a set of flanking regions of lox-like sites. It then builds a position weighted matrix of this set, where corresponding to each position, every nucleotide has a weight equal to its frequency at that position in the provided lox-like sites. Each position in the query is then transformed into a 4-bit string using the scheme described earlier, thus creating one part of the lox-like query vector. To search for the reverse complement of the input regions, we perform the same procedure by converting the nucleotides represented in the position-weighted matrix into their reverse-complements and inverting the position weighted matrix. This results in the lox-like query vector that is used for the search.

Search procedure
----------------

Using the scheme described earlier, SeLOX transforms all individual sequences in the uploaded FASTA file into an integer vector, where each element of the vector is representative of the binary transformation of the nucleotide at that position in the sequence. Cassettes of elements that are of the length of the lox-like sites from the sequence vector are then used for the search using a binary AND operation between these cassettes and the query vector. A non-zero integer results if there is a match between the query and the sequence vector at a particular position, a zero integer when there is no match.

For example, if at a particular position, we have nucleotides \[A, G\] in the query sequence, and an A in the sequence being searched, the transformations of the query and the sequence searched would be 1010 and 1000, respectively. The binary AND operation on 1010 and 1000 yields 1000 indicating that there is a match, and also a readout as to which nucleotide matched. For each cassette of the sequence vector, the number of mismatches is simply the count of 0 in the vector resulting from the binary AND. A match is found if the number of mismatches is less than or equal to the number of mismatches specified by the user in the web interface.

A result vector with the length of the uploaded lox-like sites, holds the results of each cassette that correspond to the starting position of the cassette in the analyzed sequence. Using different identifiers for the forward and the reverse query vectors from the lox-like input sequences, each cassette is marked with 1 if there is a match to the forward vector, a 2 if there is a match to the reverse vector and 3 if there is a match to both the forward and reverse vectors. A 0 marks no match to either the forward or reverse query vectors.

We perform a linear walk starting from the beginning of the result vector, looking for a 1 or a 3 indicating the presence of a match to the forward query vector. Next, we look for a subsequent 2 or 3 identifier, present within a region of the result vector defined by the spacer length specified by the user. We check for asymmetry between the forward and the reverse-flanking regions, and check if the number of positions which are asymmetric is less than or equal to the maximum asymmetry limit set by the user. When such a region is found, we have successfully identified a lox-like site corresponding to the input lox-like regions in the input sequences.

Scoring
-------

We perform a naïve scoring of each lox-like hit, using the weights calculated as described earlier. A match at a position results in a positive score equal to the weight for the nucleotide matched at that position from the position weighted matrix, and a mismatch at a position yields a negative score of the maximum weight derived for that particular position. The sum of the scores at all positions gives a score indicative of the match to the query lox-like site being looked for. Primarily, only the mutations in the left flanking sequence are scored. Mutations in the right repeat are only indirectly scored by the positions that break the symmetry. The score is primarily used to sort hits, whereby the primary decisive factor for sorting is the number of strains a lox-like site is found in.

APPLICATIONS
============

Identification of Cre family lox-like sequences in HIV-LTRs
-----------------------------------------------------------

SSRs have recently been used to remove the HIV-1 provirus by recombination via targeted sites, loxLTR, present in the LTR regions flanking the provirus ([@B5]). The manual comparison of loxP to LTR sites singled out the LTR sequence of a specific HIV-1 strain (TZB0003). Ideally, an engineered recombinase that was designed for therapeutic purposes against retroviruses like HIV would target a broader spectrum of strains. In order to achieve this form of strain-agnostic agent, a rather degenerate site would have to be chosen for directed enzyme evolution. A manual approach for the selection of such a strain-agnostic sequence would not be doable. In order to test the performance of SeLOX to identify potentially strain-agnostic lox-like sequences, we used loxP, loxH and rox sites ([Supplementary File S1](http://nar.oxfordjournals.org/cgi/content/full/gkq523/DC1)) as input for SeLOX and searched against the sequence space of eight different HIV1-LTR regions ([Supplementary File S2](http://nar.oxfordjournals.org/cgi/content/full/gkq523/DC1)). For the search, we allowed up to five mutations at the flanking region and eight mismatches for the symmetry ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq523/DC1)). Among the identified sequences, we found the initial loxLTR site used in Sarkar *et al.* ([@B5]). SeLOX identified this sequence as a high-scoring (score=6) lox-like site not shared by the other strains. In addition to this original site, SeLOX also identified an agnostic loxLTR sequence that was present in six of the eight strains with four mutations in the flanking region and eight mismatches in symmetry (score=5.32). This sequence would be a possible next choice for usage in directed SLiPE of Cre family recombinases. Our results further demonstrate the power of SeLOX, which is not only able to identify suitable lox-like sites for directed evolution but also identify them across different viral strains.

Re-use of existing recombinases
-------------------------------

Cre is a very popular, however not the only SSR currently in use. Other recombination systems that have been extensively used are for example Flp ([@B13]) or phiC31 ([@B14]). A number of Flp-related recombinases exist from other yeast strains that recognize different, but related target sequences ([@B15]). Flp-family recombinases present an attractive alternative to the Cre-family recombinases for the development of enzymes with desired target specificities. As proof of principle, we used recognition target sites of six yeast recombinases ([Supplementary File S1](http://nar.oxfordjournals.org/cgi/content/full/gkq523/DC1)) as input for SeLOX and searched for similar sites in the eight HIV-1 LTR regions described earlier. As the nature of the six yeast recombinases is quite divergent, SeLOX found \>2700 lox-like sites in the eight HIV LTRs when we allowed five mutations in the flanking region and eight mismatches in symmetry (data not shown). When we limited the lox sites to the three more conserved target sites of the recombinases KW, SM1 and SB2 using the same settings, we identified 28 loxLTR sites, whereby the most agnostic variant is found in six of the eight HIV strains ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq523/DC1), top hit). In summary, our data suggests that some of the yeast recombinases might be equally suitable for directed enzyme evolution and therefore, as therapeutic agents to remove retroviruses from infected hosts.

Identification of lox-like sites in vertebrate genomes
------------------------------------------------------

As SeLOX is computationally very efficient, it can also be used to identify any divergent, lox-like site in entire genomes. This would be especially useful to ensure specificity when designing SSRs using SLiPE. As a proof of principle, we have applied SeLOX to find degenerate lox-like sequences of the loxP type in the human genome. So far, this question has only been addressed experimentally ([@B16]). We used the loxP/loxH and rox sequences described earlier and allowed two mismatches in the flanking region, as well as for symmetry. After removing consecutive di-nucleotide repeats from the hitlist, we found a total of 229 lox-like sites in the human genome ([Supplementary File S3](http://nar.oxfordjournals.org/cgi/content/full/gkq523/DC1)). Interestingly, the most conserved site that was identified by SeLOX is located on Chromosome 10 with a very high score of 15.36, 36 and a spacer of 7 nt (sequence ATACCTTCGTGTA GGAGCCC TACACGAAGGTAT). This lox-like site is a perfect, inverted repeat and has a single mismatch compared to the original loxP site. Given the high similarity of this sequence to the original loxP site, it could very well be that this site is a direct target of Cre itself, if the enzyme could tolerate a 7-nt spacer. Alternatively, it should be relatively straightforward to develop a recombinase targeting this sequence by SLiPE, which may then be useful to deliver recombinase-mediated DNA into this locus via site-specific integration.

CONCLUSIONS AND PERSPECTIVES
============================

We have developed SeLOX, an easy to use web server designed for identification of lox-like sites for genomic recombination studies. SeLOX finds its use both in functional genomics studies and in therapeutic applications like removal of host genome-integrated retroviruses. One obvious further application would be to identify lox-like sites of endogenous retroviruses in genomes, which could among other applications be interesting medical targets ([@B17; @B18; @B19; @B20; @B21; @B22; @B23]). So far this aspect has only been addressed experimentally. Our proof of principle search for lox-like sites in the human genome has proven that SeLOX can be used to search lox-like sites within large genomic sequences. In order to identify unknown retroviral recombination sites, average values have to be assigned to the flanking regions and a range of spacer lengths has to be allowed. However, when using such settings, SeLOX is susceptible to detecting highly repetitive, non-lox like elements in genomic DNA and a preceding repeat-filter would have to be implemented to eliminate those sequence features.

SeLOX is, due to its speed, especially interesting for genome-wide searches of degenerate inverted repeats. In this context, it would be helpful to further build on the idea of the binary transformation to make the search computationally even more efficient. Since the binary transformation of the sequences can be treated as a discrete signal wave, we are considering the use of Fourier transforms to perform the matching of the query site pattern against whole genomes. Alternatively, an obvious next step would be to implement the code in C for application in genome-wide searching.
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